It is often assumed that the mutation rate is an evolutionarily optimized property of a taxon. The relevant mutation rate is for mutations that affect fitness, U, but the strength of selection on the mutation rate depends on the average effect of a mutation. Determination of U is complicated by the possibility that mutational effects depend on the particular environmental context in which the organism exists. It has been suggested that the effects of deleterious mutations are typically magnified in stressful environments, but most studies confound genotype with environment, so it is unclear to what extent environmental specificity of mutations is specific to a particular starting genotype. We report a study designed to separate effects of species, genotype, and environment on the degradation of fitness resulting from new mutations. Mutations accumulated for >200 generations at 20º in two strains of two species of nematodes that differ in thermal sensitivity.
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The importance of deleterious mutations to the evolutionary process is well-appreciated (MORGAN 1903; HALDANE 1927; FISHER 1930; STURTEVANT 1937; KONDRASHOV 1988) , and much effort has been expended in understanding the processes by which new mutations arise and their effects on the phenotype and on fitness (reviewed by SIMMONS and CROW 1977; DRAKE et al. 1998; LYNCH et al. 1999; KEIGHTLEY and EYRE-WALKER 1999; HOULE and KONDRASHOV 2006) . DRAKE, especially, has emphasized the remarkable consistency of the per-genome mutation rate across very broad taxonomic categories, but has also noted that there is considerable variation within those broad taxa (e.g., DRAKE et al. 1998 ). The idea that certain mutational properties vary between related species and even within species is venerable (STURTEVANT 1937 and references therein), but there is as yet nothing approaching a comprehensive understanding of the variation in mutational properties -rate, distribution of effects, environmental sensitivity, molecular spectrum -of any species or group of closely related species, with the possible exception of the bacterium E. coli (MATIC et al. 1997; SNIEGOWSKI et al. 1997; BJEDOV et al. 2003 ).
An intriguing but almost completely unsubstantiated possibility (but see NÖTHEL 1987; BJEDOV et al. 2003 ) is that mutation rates are themselves an evolutionarily optimized property (FISHER 1930; STURTEVANT 1937; KIMURA 1960 KIMURA , 1967 LEIGH 1970 LEIGH , 1973 KONDRASHOV 1995; DAWSON 1998) . Because the vast majority of mutations with observable effects are deleterious, it is generally accepted that direct selection (almost) always favors a reduction in the mutation rate, with an optimal mutation rate of zero, at least in sexual taxa (e.g., LEIGH 1973; DRAKE et al. 1998; SNIEGOWSKI et al. 2000) . The fact that mutations occur is attributed to a "cost of fidelity" (KIMURA 1967) , whereby increasing the fidelity of DNA replication imposes a physiological cost to the organism. Decreasing the 5 5 mutation rate below some lower bound costs more physiologically than it is worth genetically, so the optimum (non-zero) mutation rate represents the equilibrium between direct selection to reduce the number of deleterious mutations and indirect selection to minimize the cellular resources devoted to replication fidelity.
The evolution of mutation rates cannot be uncoupled from the mutational effects, because the strength of selection on a modifier of the mutation rate depends on the average effect of a mutation in the population (KONDRASHOV 1995a, b) . In principle, two groups with the same mutation rate but different average effects could experience different degrees of selection to modify the mutation rate, and thus evolve different rates, or vice versa. To complicate matters further, mutational effects themselves can vary depending on the environmental context; for example, there is some evidence that deleterious effects are magnified in harsh environments relative to their effects in benign environments (KONDRASHOV and HOULE 1994; SHABALINA et al. 1997; SZAFRANIEC et al. 2001) .
The degree to which mutational effects are limited to particular environmental contexts has an important implication. If most deleterious mutations are uniformly deleterious, they will be efficiently removed by natural selection. However, if there is a large class of mutations with context-specific effects, mutations that are neutral in the present environment but deleterious in another environment will accumulate at the neutral rate, causing a buildup of "hidden" genetic load. Then, when the environment changes the previously hidden load may be expressed with potentially disastrous evolutionary consequences, in the form of a mutational meltdown leading to extinction (LYNCH et al. 1995) .
As part of an ongoing effort to characterize and understand taxonomic variation in the mutational process, we initiated a mutation accumulation ("MA") experiment using several 6 6 species of Rhabditid nematodes, in which spontaneous mutations were allowed to accumulate under relaxed selection. Mutations were accumulated at 20°C, using standard methods of C. elegans husbandry (WOOD 1988) for >200 generations. Initial results after 200 generations of MA showed that two strains of Caenorhabditis briggsae declined in fitness significantly faster (~0.2%/generation) than did two strains of C. elegans (~0.1%/generation) under the same conditions in which the mutations were allowed to accumulate (BAER et al. 2005) . To begin to characterize the relative importance of starting genotype and environmental context in determining mutational properties, we re-assayed fitness of the same set of MA lines in a different experimental environment, in this case high temperature (25°C). High temperatures (>25°C) are "stressful" for C. elegans in the sense that survivorship and fecundity are substantially reduced relative to cooler temperatures, whereas fitness in C. briggsae is not reduced until temperatures reach ~28-29°C (Michael Ailion unpublished data; also see below). Thus, our experimental protocol allows us to separate effects of different environments ("context") from the effects of environmental stress sensu strictu.
MATERIALS AND METHODS -
Nematode strains -Justification for choice of strains is given in BAER et al. (2005) ; we provide a brief summary here. Two strains of C. briggsae (HK104, PB800) and C. elegans (N2, PB306) were used in this study. Both species are androdioecious hermaphrodites; hermaphrodites can only outcross to males, not to other hermaphrodites (WOOD 1988) . Generation time of both species at 20 ºC is approximately 3.5 days, and fecundity is similar in both species. Collection 7 information on all strains is available from the Caenorhabditis Genetics Center (http://www.cbs.umn.edu/CGC/CGChomepage.htm).
Mutation accumulation -MA protocols have been outlined in detail elsewhere BAER et al. 2005 ). The principle is simple: many replicate lines of a highly inbred stock population are allowed to evolve in the relative absence of natural selection, thereby allowing deleterious mutations to accumulate. Descendent populations are then compared to the un-mutated ancestral control stock. If the average effect of new mutations is non-zero, the mean phenotype will change over time. Since different lines accumulate different numbers of mutations, the variance among lines will increase over time, even if the average mutational effect is zero. In sexual diploids, the change in the mean phenotype is the product of the gametic mutation rate, U/2, where U is the diploid genomic mutation rate, and the average homozygous effect of a mutation, 2 a (LYNCH and WALSH 1998, p. 341) . With certain assumptions, the per-generation change in mean phenotype (R m ) and the per-generation change in the among-line component of variance (V b ) can be employed to calculate U and a .
We began by inbreeding each strain for six generations by self-fertilization of a single hermaphrodite. Populations were allowed to expand to large size and worms were frozen using standard methods (WOOD 1988) . Frozen worms were thawed and allowed to re-expand to large population size, at which time 100 replicate lines from each strain were started from single juvenile hermaphrodites. All lines were kept at 20ºC and propagated by transferring a single L4 worm at four day intervals. At every generation, the prior three generations of each line were kept as backups. If a worm failed to reproduce it was replaced with a single worm from the preceding generation. If a worm was slow to reproduce it was held over for the four-day interval 8 8 without going to backup. Lines that were held over thus had fewer generations of reproduction than those that were not held over. We refer to G max as (total time in days)/4, the maximum number of generations a line could have been through, and G min as the total number of single worm transfers a line experienced. Because backups were (usually) taken from the same generation as the dead or missing worm, going to backup did not subtract from the true number of generations.
The probability of fixation of a new mutation is a function of its selection coefficient s and the effective population size N e ; mutations with a selection coefficient s < 1/4N e are expected to accumulate at the neutral rate (KIMURA 1962) . With single hermaphrodites, N e = 1, so mutations that reduce fitness by less than about 25% will be effectively neutral. If a worm failed to reproduce at the P1 or P2 generation, we started the plate again at the previous generation. A single newly hatched (L1) offspring (labeled R1) was collected from each P3 parent and put on a fresh plate. On the third day of an R1 individual's life it was removed and placed on a fresh seeded plate, and transferred to a new plate daily for the next three days. The plate from which the parental (R1) worm was removed was incubated overnight at 20º C to allow eggs to hatch and then stored at 4 ºC. In most cases, reproduction after the third day of reproduction was negligible. Upon completion of the assay, plates were stained with 0.075% toluidine blue and worms were counted under a dissecting microscope at 20X magnification.
The 25º C assay was essentially the same as the 20º C assays, with two exceptions: (1) 40 MA lines were included in each assay block, and (2) the timing of transfers differed to accommodate the faster development at the higher temperature. Single adult (not L4) hermaphrodites were transferred at three-day intervals (P1-P3). The focal R1 worm was established from the P3 parent and transferred on the second day of its life and daily for the next two days (R2 and R3). The plate from which the R1 parent was removed was incubated overnight at 25º C and then stored at 4º C. Reproduction after R3 was negligible.
Data analysis
Replicates that made it to the R1 generation were scored as "present" in the assay. Individuals present in the R1 that produced offspring "survived". Total Fitness (W ) was calculated as the lifetime reproduction of all worms present at R1. Productivity was calculated as the lifetime 10 10 reproduction of all worms that survived. Relative fitness ( w , Charlesworth 1994) was calculated from line means following Keightley et al. (2000) ; results for w were very similar to W (Supplementary Table 6 ).
The study is predicated on the assumption that the two species find the two thermal environments stressful to differing degrees. We compared control means of each strain separately in the two temperatures by restricted maximum likelihood using PROC MIXED in SAS v. 9.1 with the REML option. The full model is: W = temperature + block(temperature) + line(block(temperature)). Temperature is a fixed effect, block and line(block) are random effects. Among-line and error components of variance were allowed to vary among blocks.
Results are presented in Supplementary Table 5 .
Differences among groups in the change in mean phenotype -Our primary interest is in the differences among groups in the rate of change of mean phenotype due to the accumulation of new mutations, not differences in means per se. There are two usual ways to express the rate of Suppose the cumulative ravages of deleterious mutation cause a decrement of one gram of mass per generation in each species. R m is the same in both species, but it would be unwise to conclude that the cumulative effects of deleterious mutation are the same in each species. An obvious possible remedy for the scaling effect is to log-transform the data, so that linear regression represents proportional change. Unfortunately, the usual methods of analyses (ANOVA, REML) are sensitive to departures from normality and log-transformation renders our data non-normal. To circumvent these complications, we apply a bootstrap protocol to construct empirical 95% confidence limits on Comparisons between strains and between temperatures are done by extension of the bootstrap approach. A bootstrap pseudoreplicate of the full dataset is generated as above, the statistics of interest are calculated for each block and averaged over the set of relevant blocks (e.g., over all 20º assay blocks); this protocol accounts for variation among lines within each block and differences between blocks. This procedure is repeated 1000 times, generating a distribution of among-block averages, and 95% CL are determined as before. /2) 100 (V b ]/z 0 (HOULE et al. 1996) . Both of these measures of mutational variability have potentially serious limitations when used in a comparative MA context. Mutational heritability depends on V E , so differences among groups in environmental variance, for whatever reason, can potentially provide a misleading picture of the variation actually due to new mutations (HOULE 1992; HOULE et al. 1996) . Mutational coefficients of variation do not depend on V E and do account for scaling effects. However, the CV M does not account for differences among groups in the change in the mean over time, so comparisons of CV M may become misleading over time if the change in the mean differs among groups. A potential solution is to scale the mutational variance to the MA mean rather than to the control mean ["opportunity for selection" (CROW 1958) ], but calculation of standard errors using samples from different generations is not straightforward because the MA mean is expected to change over time. We restrict hypothesis tests between groups to assays from the same generation, although we treat generation 200 (20°) and generation 220 (25°) as effectively the same.
Comparisons of mutational variability between groups were assessed by the same bootstrap protocol as described above for changes in the mean; data were resampled as above and variance components were calculated for each pseudosample using PROC VARCOMP in SAS v. 9.0 with the REML option.
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Mutational covariance between environments -The genetic component of covariance between the two thermal environments at the G200/G220 assays was determined using the "normal effects" model of SHAW et al. (2000); see BAER et al. (2005) for a detailed description.
Confidence limits were generated using a parametric bootstrap. After the maximum likelihood estimate (MLE) was estimated as described in BAER et al. (2005) , 1000 parameter sets were simulated from a multivariate normal distribution using the MLE as mean and the Information matrix as variance. A genetic correlation was calculated for each of the parameter sets and likelihood 1.96 less than the MLE was taken as the confidence limits. Values above 1 were truncated to 1. In this analysis, the genetic correlation due to environmental differences is confounded with the genetic correlation due to the mutations common to the G200 and the G220
lines. This latter correlation is expected to be 0.9 because the lines share 90% of their evolutionary history.
Rate and average effect of new mutations -The diploid genomic mutation rate, U MIN , and the average effect of a new mutation, a MAX , were calculated for each group using the "Bateman- 
Change in the mean
This study was designed to characterize the relative importance of genotype (both within and between species) and environmental context in determining the cumulative effects of spontaneous mutations. In particular, we were motivated by the finding of SHABALINA et al.
(1997) that the % per-generation mutational decay (∆M) in the number of surviving offspring per female Drosophila was tenfold higher under competitive, highly stressful conditions than under non-competitive, presumably benign conditions. If the conditions under which such experiments are usually performed are more benign that the natural environment of the organism and if the effects of deleterious mutations are magnified in stressful environments, the genomic mutation rate for fitness may be much higher than the available data would lead us to believe. Our results do not bear out that supposition. In no case did ∆ M differ significantly within a strain between assay temperatures (Tables 1, 2 ). There is a non-significant trend for the PB800 strain of C.
briggsae and the PB306 strain of C. elegans to decline more slowly at 25º, and for the N2 strain of C. elegans to decline more rapidly at 25º. Presumably, a larger experiment would allow us to detect a relatively subtle effect. However, the magnitude of the observed difference -no more than 1.5X in each case -is of the same degree as the variation among blocks in the 20º treatment (Supplementary Tables 3, 4) . Perhaps more importantly, there is no consistent trend for the decline in fitness to be greater in stressful environments. Of the C. elegans, N2 declined slightly 15 15 faster at 25° (stressful) than at 20° (benign), but PB306 declined somewhat faster at 20° (benign) than at 25° (stressful). Of the C. briggsae, PB800 declined somewhat faster at 20° than at 25°, but HK104 declined at essentially the same rate at each temperature. We conclude that there is at best weak evidence for context-dependent mutational effects, but there is no evidence for a consistent influence of environmental stress on the cumulative effects of new mutations.
An obvious possibility is that the temperature regime we proposed as stressful for C.
elegans was not actually stressful, or stressful enough to make a difference. Temperature did affect fitness differently in the two species (Supplementary Table 5 ). Control fitness of the two strains of C. briggsae was similar between the two temperature treatments whereas W of the N2 strain of C. elegans was reduced by about 50% (P<0.05) and the PB306 strain by twofold (P<0.0001) in the 25º treatment relative to the 20º treatment (Supplementary Table 3 VASSILIEVA et al. (2000) found that intrinsic rate of increase (r) of MA lines of the N2 strain declined somewhat faster at 15º than at 20º, but that survivorship and productivity did not.
Attempts to relate mutational effects to environmental stress have produced inconsistent results (KONDRASHOV and HOULE 1994; FERNÁNDEZ and LÓPEZ-FANJUL 1997; SHABALINA et al. 1997; FRY and HEINSOHN 2002; SZAFRANIEC et al. 2001; CHANG and SHAW 2003; ESTES et al. 2005; KAVANAUGH and SHAW 2005 (Table 2) . When scaled by the control mean and pooled over all six blocks, the four strains behave quite similarly, with N2 and HK104 having somewhat lower mutational variance than PB306 or PB800. However, when the variance is scaled by the MA mean and pooled over generation 200 and 220, ignoring the generation 100 data, the variances of the two strains in each species are still very similar, but C. briggsae has modestly greater variance for W (~1.6-fold) than C. elegans.
The fact that the mutational heritabilities differ substantially between 20° and 25° but the CV M s do not strongly suggests that the environmental component of variance is larger at 25°.
The potentially misleading properties of heritability have been clearly articulated by HOULE (1992; HOULE et al. 1996) and our results add credence to the idea that genetic signal may be swamped by environmental noise. Nevertheless, the considerable difference in environmental variance between the two temperatures is interesting in its own right, and demands explanation.
The magnitude of the difference in 2 M h between temperatures is greater for C. elegans than C.
briggsae, which suggests that random environmental effects may be magnified in a stressful environment. We believe the most likely reason for the difference between temperatures is that the faster generation time at 25° magnifies small demographic differences between replicates. elegans, and may be somewhat greater, consistent with the respective changes in the mean.
One additional point must be noted: the previous arguments depend on the assumption that the among-line variance in the controls is zero. For the N2, PB306, and PB800 strains, among-line variance in the controls did not differ significantly from zero in any block (P>0.1 in all blocks). In HK104, however, the among-line variance of the controls approached significance (0.05<P<0.1) in three of the six blocks (Supplementary Table 5 ). Genotyping of >40 microsatellite loci revealed no ancestral heterozygotes in the HK104 controls (NP, CB, and A. Custer, unpublished data), so the among-line component is unlikely to be a result of (much) residual genetic variation. Nevertheless, the estimates of V M in HK104 may be overestimates; 1998, p. 341-3) and, probably much more importantly, an experimental inability to detect the effects of the presumably large class of mutations with very slightly deleterious effects (DAVIES et al. 1999; DENVER et al. 2004) . The inability to detect small effects is inherent to any MA experiment and can only be overcome with extremely large sample sizes, not by more sophisticated analytical methods. However, our primary interest is in comparative biology and there is no reason to expect that the bias should differ systematically between taxa or between experimental treatments. Interestingly, our estimates of U MIN (~0.01-0.02/gen) are qualitatively very similar to the values of U that CUTTER and PAYSEUR (2003) arrived at from synonymous substitution rates, although a more direct method of estimating U by sequencing random nuclear loci in MA lines gave an estimate of U ≈ 0.48 in the N2 strain of C. elegans (Denver et al. 2004 ). The genomic mutation rate of the HK104 strain is substantially higher than that of the other three strains and that result does not depend on assay temperature. Averaged over all blocks, the rank order among strains of U MIN is the same as that of ∆ M. Given the inherent difficulty of estimating U, that result suggests that ∆ M may be a useful surrogate for the genomic mutation rate, in the sense that a difference between groups in ∆ M may reflect a proportional difference in U, a point that was made implicitly by SHABALINA et al. (1997) .
Mutational correlation between environments
If all mutations have identical effects at 20º (assayed at G max = 200) and 25º (assayed at G max = 220), the expected genetic correlation between treatments (r M20,25 ) is 0.9. In three of the four strains (N2, PB306, PB800), the point estimate of r M for both W and Productivity is very close to 0.9 (Table 1 , 2), reinforcing the conclusion that cumulative effects of new mutations are by and large not context-dependent, at least in the context of assay temperature. This result is not trivial; temperature-sensitive mutations are common in C. elegans (Riddle et al. 1997 ). In HK104, r M for W is large and positive (0.64) but smaller than in the other strains; however, r M for Productivity is near zero. Since W is simply Productivity weighted by survivorship, we conclude that mutations that affect survivorship in HK104 are not context-dependent but that mutations that affect fecundity may be. There are two reasons to think that the lack of genetic correlation in HK104 is not a result of qualitatively different pleiotropy. First, the within-line sample size in HK104 was consistently about half that of the other strains, due to lower survivorship, so the experimental error variance is greater, consistent with the low values of mutational heritability (note the generally wider confidence limits in HK104 than in the other strains). Second, the among-line variance of HK104 controls was consistently greater than in the other strains, which suggests greater sensitivity of HK104 to cross-generation demographic effects. Nevertheless, the behavior of the HK104 strain is sufficiently different from the other strains that we suspect a different mutational process (transposable elements?) contributes to the decay in fitness in that strain. 
Summary and Conclusions
The mutational properties of four strains of self-fertile Caenorhabditis do not differ substantially depending on the assay temperature, and any subtle differences there may be cannot consistently be attributed to the effects of environmental stress per se. At least over the range of environmental conditions we have examined, mutational properties seem to be relatively consistent properties of individual genotypes; the HK104 strain consistently declines more rapidly than the other genotypes, and PB306 consistently declines more slowly than the two C.
briggsae.. To the extent that one can generalize from two genotypes per species, the conclusion that the cumulative effects of new mutations are greater in C. briggsae than in C. elegans remains. The available phylogenetic evidence suggests that C. briggsae evolved selfcompatibility from a gonochoristic (dioecious) ancestor more recently than C. elegans (Kiontke et al. 2004; M-A Felix, unpublished data) . The strength of selection to reduce mutation rate is 21 21 much stronger in selfers than in outcrossers (KONDRASHOV 1995b; DRAKE et al. 1998) , which leads to the intriguing (but clearly speculative) notion that the apparent lower mutation rate in C. elegans may be an adaptation to self-fertilization. Adaptation to self-fertilization would also explain the well-documented much lower phenotypic estimates of U in selfing
Rhabditids (KEIGHTLEY and CABALLERO 1997; VASSILIEVA and LYNCH 1999; VASSILIEVA et al. 2000; BAER et al. 2005; AJIE et al. 2005 ) than in Drosophila melanogaster (DRAKE et al. 1998; LYNCH et al. 1999; KEIGHTLEY and EYRE-WALKER 1999) .
Interestingly, the standing molecular and quantitative variation in C. briggsae is greater than in C. elegans (GRAUSTEIN et al. 2002; JOVELIN et al. 2003; CFB and M. SALOMON, unpublished data) , consistent with a higher mutation rate in C. briggsae (KIMURA 1983; LYNCH and HILL 1986) . Future research should focus on elucidating the extent of genetic variation in the mutational process, as well as the factors underlying the variation.
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